Global analysis of gene expression via RNA sequencing was conducted for trisomics for the left arm of chromosome 2 (2L) and compared with the normal genotype. The predominant response of genes on 2L was dosage compensation in that similar expression occurred in the trisomic compared with the diploid control. However, the male and female trisomic/normal expression ratio distributions for 2L genes differed in that females also showed a strong peak of genes with increased expression and males showed a peak of reduced expression relative to the opposite sex. For genes in other autosomal regions, the predominant response to trisomy was reduced expression to the inverse of the altered chromosomal dosage (2/3), but a minor peak of increased expression in females and further reduced expression in males were also found, illustrating a sexual dimorphism for the response to aneuploidy. Moreover, genes with sex-biased expression as revealed by comparing amounts in normal males and females showed responses of greater magnitude to trisomy 2L, suggesting that the genes involved in dosage-sensitive aneuploid effects also influence sex-biased expression. Each autosomal chromosome arm responded to 2L trisomy similarly, but the ratio distributions for X-linked genes were distinct in both sexes, illustrating an X chromosome-specific response to aneuploidy. autosomal dosage compensation | inverse effect | sex chromosome evolution | gene balance hypothesis | dot chromosome
Global analysis of gene expression via RNA sequencing was conducted for trisomics for the left arm of chromosome 2 (2L) and compared with the normal genotype. The predominant response of genes on 2L was dosage compensation in that similar expression occurred in the trisomic compared with the diploid control. However, the male and female trisomic/normal expression ratio distributions for 2L genes differed in that females also showed a strong peak of genes with increased expression and males showed a peak of reduced expression relative to the opposite sex. For genes in other autosomal regions, the predominant response to trisomy was reduced expression to the inverse of the altered chromosomal dosage (2/3), but a minor peak of increased expression in females and further reduced expression in males were also found, illustrating a sexual dimorphism for the response to aneuploidy. Moreover, genes with sex-biased expression as revealed by comparing amounts in normal males and females showed responses of greater magnitude to trisomy 2L, suggesting that the genes involved in dosage-sensitive aneuploid effects also influence sex-biased expression. Each autosomal chromosome arm responded to 2L trisomy similarly, but the ratio distributions for X-linked genes were distinct in both sexes, illustrating an X chromosome-specific response to aneuploidy. autosomal dosage compensation | inverse effect | sex chromosome evolution | gene balance hypothesis | dot chromosome C hanges in chromosomal dosage have long been known to affect the phenotype or viability of an organism (1) (2) (3) (4) . Altering the dosage of individual chromosomes typically has a greater impact than varying the whole genome (5) (6) (7) . This general rule led to the concept of "genomic balance" in that dosage changes of part of the genome produce a nonoptimal relationship of gene products. The interpretation afforded these observations was that genes on the aneuploid chromosome produce a dosage effect for the amount of gene product present in the cell (8) .
However, when gene expression studies were conducted on aneuploids, it became known that transacting modulations of gene product amounts were also more prevalent with aneuploidy than with whole-genome changes (9) (10) (11) (12) (13) (14) . Assays of enzyme activities, protein, and RNA levels revealed that any one chromosomal segment could modulate in trans the expression of genes throughout the genome (9) (10) (11) (12) (13) (14) (15) . These modulations could be positively or negatively correlated with the changed chromosomal segment dosage, but inverse correlations were the most common (10) (11) (12) (13) . For genes on the varied segment, not only were dosage effects observed, but dosage compensation was also observed, which results from a cancelation of gene dosage effects by inverse effects operating simultaneously on the varied genes (9, 10, (14) (15) (16) (17) (18) . This circumstance results in "autosomal" dosage compensation (14, (16) (17) (18) . Studies of trisomic X chromosomes examining selected endogenous genes or global RNA sequencing (RNA-seq) studies illustrate that the inverse effect can also account for sex chromosome dosage compensation in Drosophila (15, (19) (20) (21) . In concert, autosomal genes are largely inversely affected by trisomy of the X chromosome (15, 19, 21) .
The dosage effects of aneuploidy can be reduced to the action of single genes whose functions tend to be involved in heterogeneous aspects of gene regulation but which have in common membership in macromolecular complexes (8, (22) (23) (24) . This fact led to the hypothesis that genomic imbalance effects result from the altered stoichiometry of subunits that affects the function of the whole and that occurs from partial but not whole-genome dosage change (8, (22) (23) (24) (25) . Genomic balance also affects the evolutionary trajectory of duplicate genes differently based on whether the mode of duplication is partial or whole-genome (22, 23) .
Here we used RNA-seq to examine global patterns of gene expression in male and female larvae trisomic for the left arm of chromosome 2 (2L). The results demonstrate the strong prevalence of aneuploidy dosage compensation and of transacting inverse effects. Furthermore, because both trisomic males and females could be examined, a sexual dimorphism of the aneuploid response was discovered. Also, the response of the X chromosome to trisomy 2L was found to be distinct from that of the autosomes, illustrating an X chromosome-specific effect. Genes with sex-biased expression, as determined by comparing normal males and females, responded more strongly to trisomy 2L. Collectively, the results illustrate the prevalence of the inverse dosage effect in trisomic Drosophila and suggest that the X chromosome has evolved a distinct response to genomic imbalance as would be expected under the hypothesis that X chromosome dosage compensation uses the inverse dosage effect as part of its mechanism (15).
Results
To determine whether genes on the varied 2L chromosome arm exhibit dosage compensation as do the triple X chromosomes in metafemales and whether aneuploidy for autosomal trisomic 2L shows a global influence on gene expression across the genome, we completed high-throughput RNA-seq experiments using total RNA from third instar larvae of trisomic 2L females and males and normal diploid females and males from the Canton S strain (Fig. S1) . A ratio distribution analysis for all expressed transcript Significance This study demonstrates a global impact of genomic imbalance on gene expression and the generality of the inverse dosage effect and aneuploid dosage compensation. The study indicates that sex chromosomes and genes with sex-biased expression evolve distinctly in response to dosage-sensitive regulation. Data deposition: The alignment and processed files have been deposited in the Gene Expression Omnibus (GEO) database, www.ncbi.nlm.nih.gov/geo (accession no. GSE46354) and the raw RNA sequencing output data have been deposited in the Sequence Read Archive (SRA) (accession no. SRP021491). isoforms was conducted separately in females and males by producing ratios of the averaged gene reads from four biological replicates of trisomy 2L with the respective reads of the normal diploid ( Fig. 1 ). These ratios were plotted in a distribution with bins of 0.05 increments. The trends of gene expression on different chromosomes could be illustrated from this type of analysis with hundreds of data points (transcript isoforms) present in the major bins. Based on the distributions, we found that a large fraction of isoforms encoded on chromosome arm 2L exhibits dosage compensation in both females (Fig. 1A) and males (Fig.  1B ) as illustrated by a major peak around a ratio of 1.00. The similar expression level in trisomy 2L compared with the normal diploid results from the cancellation of a positive gene dosage effect (3/2) and negative inverse dosage effect (2/3) (9, 10, 14-16). There are also peaks at lower values than 1.00 in both males and females, which are suggestive of multiplicative inverse effects as also found with trisomic X metafemales (15) . Moreover, in females (Fig. 1A) , a high but narrow peak is located near the ratio of 1.30, which might represent gene dosage effects of 2L genes. However, a peak is also found near this value for unlinked genes (see below), suggesting that it might represent a positive transacting effect of 2L. To determine whether trisomy 2L shows any global influence on gene expression across the genome, we produced ratio distributions of trisomic to normal expression for autosomal genes not on 2L. Similar results were observed in the comparisons of females (Fig. 1C) and males (Fig. 1D) . One of the highest peaks was centered in females and males around the ratio of 0.67, the ratio of inverse dosage effects (2/3) produced by the extra copy of 2L. As noted above with the frequency distributions of genes on 2L, a positive gene dosage effect in females occurred around the value of 1.30 ( Fig. 1C) but did not occur in males (Fig. 1D) ; also, the inverse dosage effect peak in males (Fig. 1D) showed a lower shoulder, which did not occur in females (Fig. 1C) , around the ratio of 0.40, which is near a doubled inverse dosage effect (0.44) that was also observed in segmental trisomy and triple X metafemale experiments (15) .
Although the inverse dosage effect has been found in metafemales (15, (19) (20) (21) and segmental trisomic studies (14, 15, 18) , the present study allows a test of whether the aneuploid dosage effects show any differences in females and males. One advantage of an autosomal trisomic experiment is that it can determine any such sexual dimorphism. Differences in the distributions between the sexes were noted above. When Kolmogorov-Smirnov (K-S) tests were applied to compare respective male and female distributions, they were found to be significantly different (P < 2.2e-16).
There is also a female-specific peak near the ratio of 0.10 ( Fig. 1 A, C, and E). Tests of enrichment of gene ontology (GO) terms were conducted for the two peaks in females that are unique to 2L trisomy, being not found with triple X females (15) . Different GO terms were clustered in the 0.10 peak (Table S1 ) related to sensory perception and detection of stimuli. The GO hierarchy was further analyzed and visualized by the Cytoscape program using the Biological Networks Gene Ontology (BiNGO) plugin (Fig. S2) (26) . GO terms were also examined for the female-specific peak around 1.30 ( Fig. 1 A, C , and E), which showed enriched groups related to nucleosome, nucleosome assembly, and chromatin assembly (Table S1 ).
The transcript isoforms from chromosome 4 were studied separately from the genes on other autosomal arms because of the special chromatin characteristics of this chromosome (27, 28) (Fig.  S3 ), perhaps as a remnant of its being a former sex chromosome (29) . It was found that an inverse dosage effect occurred in comparisons of both females (Fig. S3A) and males (Fig. S3B) . However, the chromosome 4 distribution showed a significantly distinct distribution compared with the other autosomes (Fig. 2) .
The genes on the X chromosome were also separated and plotted in ratio distributions for both males and females because the X chromosome also has a distinct chromatin state (30, 31) . When K-S tests were applied to the different comparisons, it was found that the X chromosomal genes in females and males exhibited significantly different patterns (P < 2.2e-16) in response to trisomy 2L compared with all of the other chromosome arms in the genome (Fig. 2) . In both sexes, the X chromosome is distinct, suggesting a differently evolved response to dosagesensitive regulators.
Because genomic balance and the inverse effect are implicated in the mechanism of X chromosome dosage compensation (15), we examined the question of whether sex-biased expression was also influenced by genomic balance. We separated genes with sex-biased (at a twofold cutoff) (32) and non-sex-biased expression based on their relative amounts in normal males vs. females (Fig. S4 ) and compared their behavior in trisomic/normal distributions of the same sex (Fig. 3) .
When we examined the genes with female-biased (FB) expression (6.5% of the total) and non-female-biased (NFB) expression on 2L (Fig. 3A) , we observed that the distribution of FB genes in females (red distribution line) exhibited a peak around 1.35 ( Fig. 1A ) and the distribution of NFB genes (black distribution line) showed a similar trend to that of the total 2L set (Fig. 1A) . However, the genes with male-biased (MB) expression on 2L, which are 18.7% of the total genes on this arm (Fig. 3B) , showed a strong peak around 0.45 in the comparisons of males (blue distribution line), which is the position of the lower shoulder in the distribution of all genes in trisomy/normal males (Fig. 1B) . The MB genes on 2L constitute about 39% of the peak on the left shoulder while being a much smaller fraction of all genes as noted above. The distribution of genes with non-malebiased (NMB) expression (black distribution line) (Fig. 3B) is similar to the distribution of all of the genes in males (Fig. 1B) .
K-S tests were applied to the two distributions in each comparison. The distribution of 2L genes with sex-biased expression is significantly different (P < 10
) from the distribution of 2L genes with the respective NFB or NMB expression. Comparing these two distributions (Fig. 3 A and B) showed that the sex-biased genes on 2L are modulated differently by trisomy than the respective non-sex-biased genes. A greater reduction of expression by trisomy occurred for MB genes in males, but an increased expression occurred for FB in females (Fig. S4) . In addition, all of the genes with sex-biased expression (either MB or FB) from the other autosomes ( Fig. 3 C and D) and the X chromosome ( Fig. 3 E and F) were also analyzed and compared in males and females. Different effects on sex-biased gene expression in the respective trisomic 2L males and females were also found in these comparisons (Fig. 3 C-F and Fig. S4 ). Furthermore, significant differences (P < 10 ) between the distributions of the respective sex-biased versus non-sex-biased genes in each comparison were detected when K-S tests were performed.
Selected genes from RNA-seq with different locations on the X chromosome and autosomes were validated using relative quantitative PCR (Tables S2 and S3) , from which similar ratios were found. Because there is evidence of global modulations in the RNA-seq experiment, an exogenous control RNA was used for normalization.
The expression patterns comparing males with the respective female genotype were also completed (Fig. S5) . The distributions were roughly centered at the ratio of 1.00 representing similar distribution trends in respective females and males within the same genotypes. This result confirms the consistency of the comparisons and illustrates that there is little impact in these types of analyses from any potential gene expression differences between the strains used to produce the trisomic and normal samples, which of necessity must be used because segregating aneuploids and euploids cannot be generated with them.
Discussion
The results of this study illustrate the generality of inverse dosage effects in trisomics of Drosophila. A previous study examined the global effects on gene expression in trisomic X metafemale larvae compared with the normal females (15) . The major transacting effect was an inverse response to the dosage of the varied chromosome. This effect was discovered over 3 decades ago in aneuploids of maize (9, 10, 13) and subsequently in segmental . (E and F) Distributions of ratios of female-biased (6.3%) (E) and male-biased (12.6%) (F) X isoforms from trisomy/normal diploid in females (E) and males (F). The black solid line represents the ratio 1.00 (no change), the blue line represents the ratio 1.50 [the ratio of gene dosage effects (3/2)], and the blue dashed line shows the ratio 0.67 [the ratio of inverse dosage effects (2/3)]. Four biological replicates were performed for each genotype.
trisomics of Drosophila (12, 14, 18) . The generality across taxa and chromosomes illustrates that it is a major gene expression response from varying chromosomal dosage. This similar type of response from modulating different parts of the genome is consistent with the principle of genomic balance (23) .
Coincident with the inverse effect being prevalent is that genes on the varied chromosome arm exhibit dosage compensation so as to be expressed in amounts similar to the normal diploid. This result is the case for trisomic 2L and is also found in the trisomic X experiments and in other autosomal trisomies (14, 15, 17, (19) (20) (21) . Dosage compensation occurs because a change in gene dosage of the affected genes is counteracted by the inverse effect operating simultaneously (10, 14, 16) .
Because in this experiment both male and female trisomics were compared with their respective normal controls, a sexual dimorphism in response to aneuploidy was discovered. In addition to the inversely affected genes, females exhibit a positive dosage effect of trisomy 2L not only for 2L genes but also across the genome. In contrast, males exhibit a greater number of genes that are doubly inversely affected compared with females. There is also a group of genes that are strongly reduced in females in response to 2L trisomy, an effect that is distinct from the general patterns found in trisomic X females. Sexually dimorphic responses to small segmental monosomics have also been reported (33) . The basis of these dimorphisms deserves further study, but it is possible that the trisomy of 2L produces different effects in the two sexes because of the different stoichiometries of the X chromosome and 2L, which would produce different relative amounts of interacting regulatory gene products, which in turn would affect target genes differently.
Further, the X chromosome in both males and females produced trisomic/normal ratio distributions that were significantly different from any of the autosomal chromosome arms, which are nevertheless approximately the same fraction of the total genome (∼20%). This observation is consistent with the concept that the X chromosome has evolved to respond to dosage-sensitive gene regulatory processes differently from the remainder of the genome (34) (35) (36) (37) . If, as hypothesized, the inverse effect is the dosage determinant of X chromosome dosage compensation (15, 38) , it is possible that X-linked genes have evolved to optimize their expression in response to dosage regulators. The X chromosome has a distinctive chromatin composition, not only in males in which the Male Specific Lethal (MSL) ribonucleoprotein complex is present on the X (38-40) but also in females (30, 31, 41) . The X-specific response to 2L aneuploidy occurs in both sexes, indicating that it is not dependent on the MSL complex.
The fact that different large trisomies (X and 2L) produce a related trend of inverse dosage effects is consistent with the idea that the evolution of sex chromosomes from various progenitor chromosomes either can capitalize upon the inverse effect to bring about compensation, as appears to be the case in Drosophila, or must counteract the action of the dosage-sensitive genes that are responsible for inverse effects that operate in trans. The relationship of sex chromosome dosage compensation to inverse dosage effects has not been explored in other species. If sex chromosomes do not produce effective monosomy, then there would be no reason to suspect an involvement. If there is effective monosomy, then the haplo region must be sufficient to produce a global inverse dosage effect. However, if the X-linked dosage-sensitive genes specifically evolve to be equal in expression between the two sexes, the inverse effects will likely be minimal. Alternatively, selection on the responsible dosagesensitive regulatory genes could foster sex-biased expression to produce sexually dimorphic characteristics (42) .
Genes with sex-biased expression might in some cases contribute to differences between the sexes. Dosage compensation of the X chromosome on the gene level represents a different expression in males and females. Because of the evidence of an impact of genomic balance and the inverse effect on X chromosomal dosage compensation (15), we asked whether genomic imbalance might influence sex-biased expression. Indeed, both male-and female-biased expressed genes exhibit more extreme responses to 2L trisomy than the genes with non-sex-biased expression. This result implicates genomic balance issues in determining sex-biased expression.
Studies of dosage compensation and aneuploidy have often used the expression of genes in the nonvaried portion of the genome as a normalization control. Other than the requisite sequencing lane normalization, we have avoided correcting the expression of the varied genes by the overall values of the nonvaried genes. Such normalization will obscure the global trends if there is modulation of many genes in the same direction from the control (8, 43, 44) , as found in this study. Indeed, the theoretical extremes of either complete dosage effects for 2L or complete compensation of 2L with an inverse reduction of the remainder of the genome would produce the same numerical result when equal quantities of mRNA are used to produce sequencing libraries and then equal loading of DNA per sequencing lane. The result would resemble a near-gene dosage effect, and if the aneuploid chromosome expression is normalized to that of euploid regions, an apparent complete dosage effect would be realized with either scenario. This normalization has potentially confounded studies of gene expression in aneuploids (43) . The fact that the inverse effect can be recognized in the experiments described here is because it is a plurality effect and not absolute. Expression studies of selected specific genes via quantitative PCR using exogenous spike-in controls indicate that this method of comparison is valid.
Individual genes that produce an inverse dosage effect have been identified (11, 24, 25) and suggest that the effects seen with trisomy of 2L and trisomic X are the cumulative effects of several genes. The classes of genes responsible are heterogeneous but are all involved in some regulatory step. The impact of each regulatory gene that itself shows an altered stoichiometry in the trisomic versus normal would be cumulative in these cases. The implication on the gene level is that regulatory genes would be dosage-sensitive to some degree, with regard to both expression variation and copy number variants, and would contribute to quantitative traits, both molecular and phenotypic (22, 23) . Standing natural variation for these types of genes would likely be constrained to subtle differences (45) because of a detrimental effect of large variation but would be highly multigenic. The fact that the plurality effect on gene expression surrounds the inverse level suggests that the effect is a relative kinetic one, rather than a particular type of activity, of altered chromosomal dosage.
Given the generality of the inverse effects confirmed in this and a previous global study (15) , it would seem that the dosagesensitive modulation of gene expression is likely and that stoichiometric interactions have an impact on expression patterns (23, 46) . Moreover, this type of interaction would affect the evolution of gene regulatory mechanisms and ultimately organismal phenotypes (23) .
Materials and Methods
The 2L trisomics, which can survive to late stages of pupal development, were obtained using genetic crosses and separated into females and males at the third larval instar (Fig. S1 ). Due to the early lethality of monosomic 2L during embryogenesis (18) , this genotype is not represented in the larval samples. Normal diploid larvae were obtained from the Canton S strain. Total RNA was isolated using TRIZOL Reagent (Invitrogen), and the mRNAs were purified and high-throughput sequencing services were performed at the University of Missouri DNA Core Facility. The global expression patterns of the samples were analyzed and compared. Statistical analysis used the R program. Gene ontology was completed using the FlyMine online service and the Cytoscape program.
